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ABSTRACT
Higher order genome organization and the role it plays in governing cell
dynamics and protein expression has become a widely studied field. Chromatin
insulators are important to this organization in their ability to form long range
contacts between distant regions on the genome. During times of osmotic stress,
insulator proteins leave their binding sites on the DNA to form insulator bodies in
the nucleus. This phenomenon relieves the DNA of its structure and is rapidly
reversible. Using a variety of immunofluorescent staining methods, this work
looked to further characterize this process while attempting to identify molecular
mechanisms that mediate chromatin response to osmotic stress. Our laboratory
has shown that insulator proteins co-localize with [gamma] H2Av, an important
signaling molecule whose main function is marking sites of DNA damage. Here,
we further confirmed that the histone variant H2Av is necessary for stability of the
Drosophila gypsy insulator and that this function may be mediated by Ataxia
telangiectasia (ATM) and Ataxia telangiectasia and Rad3 related (ATR). We find
that phosphorylation of H2Av controls the insulator response to osmotic stress. In
addition, we ask whether insulators also have a role in the osmotic response in
human cells, and show how human cells react to osmotic stress in a way similar
to that of Drosophila. Overall this work builds on previous attempts to
characterize insulator bodies and the role of ATM and ATR in genome
architecture and function.
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CHAPTER I
INTRODUCTION

Eukaryotic Genome Organization
The organization of the genome within the three-dimensional space of the
nucleus is an extremely important task for the cell, especially as organisms
increase in complexity. As complexity increases genome size also increases,
mostly due to an expansion in non-coding intergenic and repetitive DNA. The
large amount of DNA must be fit into the cell nucleus in a functionally organized
manner, to ensure that the genes and information contained within the genome
are readily available when needed. To achieve this organization, DNA wraps
around specific proteins to form chromatin fibers. The structure of chromatin
fibers and their higher levels of organization are determined by histone proteins.
The histone core particle consists of an octomer of small positively charged
proteins named Histones (H2A, H2B, H3, and H4). These proteins interact
forming two H2A and H2B dimers and one H3/H4 tetramer producing the histone
core octamer, which in turn interacts with the negatively charged backbone of the
DNA allowing for the DNA to wrap around to form a nucleosome (van Holde,
1989). The nucleosome is the basic subunit of the chromatin fiber, which is
organized by the successive repetition of assembled nucleosomes, separated by
short “unwrapped” DNA sequences (linker DNA) along the chromosomal DNA.
1

This organization results in fibers that look like beads on a string when looked at
under the electron microscope (van Holde, 1989). These fibers can further
condense differentially, creating regions of functionally active or silenced DNA,
which we refer as euchromatin and heterochromatin, respectively. How different
DNA sequences within the nucleus are packed is determined by chemical
changes in the histones, such as various post-translational modifications,
positional displacement of the core particle by nucleosome remodeling
complexes or through replacement of core histone proteins by histone variants.
Histone modifications and the replacement of canonical histones by histone
variants at specific nucleosomes can result in functional adjustments, which are
facilitated by changes in the stability of the nucleosome complex or by
recruitment of other proteins to the site to perform various tasks (Fischle et. al,
2003; Smith & Peterson, 2004). Together, post-translational modifications of
histones and histone variants determine the accessibility of the DNA and whether
the DNA is transcriptionally active or silenced, independently of the DNA
sequence. For this reason, is currently established the existence of a histone
code that can be over-imposed to the actual code in the DNA sequence. Levels
of DNA packaging are variable from cell to cell and depending on the needs of
the cell, one region of the chromosome can be loosely packed, allowing
regulatory proteins to bind and transcription to occur, while another region can be
tightly packed and silenced (Team, 2008). This general principle of chromatin
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organization is ultimately responsible for cell and tissue differentiation during
development in higher eukaryotes.
Yet another level of organization occurs within the nucleus in the form of
long-range contacts between distant regions of the genome. With the help of
specialized proteins, these long-range contacts bring about chromosome
domains within the nucleus (Gavrilov & Razin, 2015; Labrador & Corces 2002).
Increasingly, this architectural organization of the genome is proving to be more
than just a structural tool. The proper packaging ensures that specific genome
regions remain accessible, regulatory elements are interacting with the correct
genes, and different cell types differentiate properly (Matharu & Ahanger, 2015).
Genome architecture is responsible for important cellular processes such as
transcription, replication, recombination, and DNA repair. While the maintenance
of chromatin structure and genome architecture is important to these processes,
it is also highly fluid. A large collection of proteins is involved in regulating the
post-transcriptional modification state of histones, and the recruitment of
regulatory proteins to DNA, ensuring proper DNA expression. All these functional
elements in the genome function above the linear nature of the genetic code, and
are epigenetic in nature, and their study is at the forefront of the research trying
to elucidate how the genome functions.

3

Chromatin Insulators
One of the genomic elements that play a critical role in the higher order
organization of the genome are chromatin insulators (Schoborg & Labrador,
2014). Chromatin insulators are short DNA sequences that bind insulator
proteins to preform two functions, block enhancer activity between enhancers
and promoters and create a boundary to prevent the spread of heterochromatin
from silent to active regions of the genome (Gdula et al., 1996; Wallace &
Felsenfeld, 2007; West et al., 2002; Yang & Corces, 2012). The enhancer
blocking activity contributes to the overall control of gene transcription
determining which promoters are activated, while the ability to act as a barrier
suggests a role in the overall nuclear organization. Together, insulator activity
sets up the cells for proper organization and therefore gene expression
throughout the cell cycle (Gaszner & Felsenfeld, 2006). The overall mechanism
of how insulators are able to complete these tasks is still unclear, however
evidence suggests that insulators function through long-range interactions
between sites that establish chromatin loops. This higher order organization of
chromatin domains lends to the establishment of Topologically Associating
Domains (TADs) (Van Bortle et al., 2014; Vogelmann et al., 2014). Insulators
have been characterized in almost all eukaryotes from yeast to humans, with
these important organizational functions being conserved. All of these
characterized insulator elements act with the help of various insulator proteins.
Insulator proteins are particularly well characterized in Drosophila melanogaster,
4

due to the vast genetic tools available and to the presence of polytene
chromosomes (Bortle & Corces, 2012). Six insulators have been found in the
Drosophila genome. Different insulator sites on the genome are characterized by
the different insulator protein complexes that carry out specific functions. D.
Melanogaster contains a number of DNA binding insulator proteins including
dCCCTC-binding factor (dCTCF), a homolog of mammalian insulator protein
CTCF; Suppressor of Hairy-Wing [Su(Hw)]; GAGA factor (GAF); Zeste-white 5
Protein (Zw5); Boundary Element Associated Factor of 32 kDa (BEAF-32), and
transcription factor IIIC (TFIIIC) (Gerasimova & Corces, 2001; Gurudatta &
Corces, 2009; Heger & Wiehe, 2014). There are also a number of other insulator
proteins that are not DNA binding proteins but are responsible for stable protein
interactions, such as Centrosomal Protein 190 kDa (CP190), and Modifier of
Modg4 [Mod(mdg4)] (Bortle & Corces, 2012). All of these proteins work together
to bind to specific insulator binding sites and carry out their various roles in the
genome.
CTCF is the only insulator protein found in both Drosophila and
vertebrates (Schoborg & Labrador, 2010). While Drosophila contains a number of
proteins to bind insulator elements in the genome, insulators in vertebrates are
all bound by CTCF. In Drosophila, dCTCF binds thousands of sites in the
genome and interacts with CP190 which stabilizes dCTCF binding (Mohan et al.,
2007). In vertebrates, cohesin, instead of CP190, acts as a binding partner for
CTCF and stabilizes the higher order loops that are formed.
5

Drosophila insulator Su(Hw) is the DNA binding protein of the insulator
complex that binds to the gypsy insulator site in the DNA. The gypsy insulator,
located in the 5’ non-coding region of the gypsy retrotransposon genome, was
first characterized in the analysis of the y2 mutant allele. In the y2 allele of the
yellow gene, the gypsy retrotransposon is inserted between the body enhancer
and the promoter. The yellow gene is required for proper pigmentation in the
cuticle and is regulated by specific enhancers that activate transcription in the
body cuticle and the wings and the bristles. In the y2 allele, the gypsy insulator
blocks communication between the wing and body enhancers and the promoter,
preventing the normal dark color in those tissues, and causing the characteristic
yellow pigmentation of flies carrying yellow mutations (Parkhurst & Corces,
1986). The Su(Hw) protein that binds the gypsy insulator is 941 amino acids and
contains 12 zinc finger DNA binding domains, a leucine zipper like domain
responsible for protein interactions and two dispensable acidic domains (Gdula et
al., 1996). Mod(mdg4) and CP190 form a protein complex with Su(Hw) at many
insulator sites. Mod(mdg4) and CP190 both stabilize binding of Su(Hw) to the
DNA and mediate interactions with other proteins, which are necessary to form
the long-range interactions required for organization of the genome and
transcriptional control (Schoborg & Labrador, 2014). While CP190 may also be
able to bind DNA, Mod(mdg4) does not have the ability to bind DNA on its own
and solely interacts with other DNA binding proteins to mediate interactions
(Gdula et al., 1996; Ghosh et al., 2001). These proteins are highly conserved
6

among Drosophila species, binding to motifs in the DNA that are also highly
conserved among different species.

Insulator Body Formation During Osmotic Stress
Although insulator proteins bind at thousands of sites in the genome,
immunostaining of diploid cells using antibodies specific against Drosophila
insulator proteins initially revealed the formation of a number of large foci, mostly
at the periphery of the nucleus and close to the nuclear envelope. These foci
were known as insulator bodies, and all known insulator proteins were found to
co-localize to these bodies. The initial interpretation of this observation led to the
hypothesis that the long-range interactions facilitated by these proteins across
multiple sites in the genome would generate rosette structures where the base of
a number of chromatin loops was anchored at each of the insulator bodies
(Labrador & Corces, 2002). However, direct evidence demonstrating this
hypothesis was lacking. Recent work in our laboratory was able to show that the
formation of insulator bodies was actually in response to osmotic stress, and that
in normal unstressed cells the distribution of insulator proteins does not reflect
the presence of insulator bodies and is instead homogeneous through chromatin
(Schoborg et al., 2013). The common occurrence of these insulator bodies seen
previously by researchers was a product of the experimental conditions during
immunostaining experiments, in which small volumes of solution containing
samples would lead to evaporation followed by an increase in salt concentration
and the subsequent osmotic stress. When introduced to hypertonic conditions,
7

cells must respond to ensure they can survive, and insulator bodies appear to be
part of this cellular response. During osmotic stress conditions, insulator proteins
are unbound from chromatin, abandoning their boundaries and long-range
contacts and forming large protein aggregates, which correspond to the
previously observed insulator bodies. (Schoborg et al., 2013). Insulator bodies
form within minutes of the start of stress conditions and are able to disassemble
and rebind to chromatin rapidly upon return to isotonic conditions. Although
insulator and chromatin stress responses have been well characterized, the
mechanism that drives this peculiar response remains unknown. Live imaging of
the process shows that proteins undergo a mass exodus from chromatin,
remaining free in the nucleus for only a short time before punctate bodies begin
to form. In a short time, little to no free protein remains, and a number of insulator
bodies can be seen (Schoborg et al., 2013). So far all known insulator proteins
have been shown to be components of the insulator bodies, and only Mod(mdg4)
appears to be directly required for the association of Su(Hw) to insulator bodies
in vivo, though CP190 seems to be necessary for the formation of insulator
bodies in S2 cells. Initial research into the mechanism regulating the formation of
insulator bodies focused on the HOG-MAPK pathway, a highly conserved
pathway that is responsible for controlling the osmotic stress response in
eukaryotes. However, it was shown that formation of bodies was independent of
this pathway (Schoborg et al., 2013). Therefore, an alternative mechanism must
be responsible for the activation of this specific type of cell response.
8

Insulator bodies are not the only type of nuclear body that have been
observed. The nucleus contains a variety of structures described loosely as
nuclear bodies. These nuclear bodies are sub-compartments in the nucleus and
functionally organize the nucleoplasm. Different bodies vary in size, composition,
relationship to chromosomes and cell types or states in which they are found.
Examples include Cajal bodies, histone locus bodies, speckles, PML bodies and
nuclear stress bodies (Singer & Gall, 2011). All nuclear bodies are considered to
be membrane-less organelles, organizing nuclear proteins while still allowing
them to be dynamic and mobile (Novotný et al., 2011).
Recent work has suggested that the formation of these bodies is driven by
intracellular liquid-phase separation (Zhu & Brangwynne, 2015). Phase
transitions drive molecular organization by reflecting the thermodynamic forces
that drive equilibrium. With the high concentration of molecules in the nucleus,
changes in factors that affect the free energy of the existing protein interactions
could lead to a transition from a dispersed state to a localized body and back
(Zhu & Brangwynne, 2015). These factors include concentration within the
nucleus, osmotic environment, and temperature. The regulation of assembly and
disassembly of many nuclear bodies has been linked to post translational
modifications. Post-translational modifications are transient changes to a protein
that can be added and removed. Examples of these include phosphorylation,
SUMOylation, and methylation (Singer & Gall, 2011). Examples of posttranslation modifications driving nuclear body formation are SUMOylation of PML
9

(a tumor suppressor protein) driving PML body assembly, as well as poly(ADPribosyl)ation possibly regulating the assembly of nucleoli (Zhu & Brangwynne,
2015). Phosphorylation has proven to be an important force in regulation of
assembly as well, potentially driving the formation of multiple types of nuclear
bodies.

ATM and ATR May Be More than Just Damage Repair Proteins
While investigating the role of insulators in oogenesis, our laboratory discovered
a possible interaction between insulators and the histone variant H2Av (Hsu,
2015). H2Av is part of the DNA damage repair pathway, marking DNA damage
sites when phosphorylated to recruit DNA repair proteins. In Su(Hw) mutant
females, the ovaries accumulate higher amounts of phosphorylated H2Av (γH2Av), leading to the suggestion of an increase in DNA damage in these
mutants. Partially rescued Su(Hw) mutants also saw other developmental
phenotypes, such as defects in microtubule organization, and defects in the
dorsal-ventral axes specification in eggshells. In addition, the sterility phenotype
of Su(Hw) female mutants is partially rescued by a mutant allele of ATR (Ataxia
telangiectasia and Rad3 related protein), which along with ATM (Ataxia
telangiectasia mutated) is a key activator of the DNA damage response pathway.
These findings suggests that the defects that arise from a lack of Su(Hw) function
originate from a cell cycle checkpoint activation in the DNA damage response
pathway (Hsu, 2015). Further work led to the finding that γ-H2Av is essential for
insulator activity and functionally interacts with the insulator complex (An, 2015).
10

Interestingly, H2Av in Drosophila and its homolog, H2Ax in mammals, are wellknown phosphorylation targets for ATM and ATR, which are protein kinases
belonging to the phosphatidylinositol 3’ kinase-like kinase (PIKK) enzyme family,
and are conserved throughout eukaryotes (Cimprich & Cortez, 2008; Joyce et al.,
2011; Redon et al., 2002; Song et al., 2004).
The most common role of ATM and ATR is to function as early regulators
of the DNA damage response (DDR), which is a signal transduction pathway that
works in coordination with cell cycle transitions, DNA replication, DNA repair and
apoptosis (Cimprich & Cortez, 2008). Activation of ATM or ATR by DNA damage
has a dual effect that is essential for repair. On one hand, ATM or ATR activates
a checkpoint until the damage is repaired (Chowdhury et al., 2005; Freeman &
Monteiro, 2010). On the other hand, the DNA damage is recognized by sensor
proteins, including MRN (Mre11-Rad50-Nbs1) and 9-1-1 (Rad9-Rad1- Hus1),
that initiate the activation of DDR on chromatin. One of the earliest events of
DDR is phosphorylation of histone H2Av at Ser137 by ATM, which is specific for
DSB repair and telomere maintenance, or ATR, which is activated by singlestranded DNA ends generated during processing of DSBs or collapsed
replication forks (Bensimon et al., 2011; Freeman & Monteiro, 2010). Though
ATM and ATR are each independently involved in the response to different types
of damage, ATR is also found to participate in DSB repair pathways overlapping
with ATM (LaRocque et al., 2007; Xue et al., 2015). γH2Av plays an important
role in recruiting the repair proteins to the damage focus. Once DNA repair is
11

accomplished, the phosphorylation mark is removed from H2Av by protein
phosphatase 2A (PP2A) (Chowdhury et al., 2005).
In addition to marking DNA damage sites to recruit other DNA repair
machinery, ATM and ATR have also recently been linked to novel functions. ATM
for example, has been shown to be involved in sensing DNA condensation in
human cells (Burgess et al., 2014). In addition, another study also reports that
ATR mediates a checkpoint at the nuclear envelope in response to mechanical
stress in both human and mouse cells by sensing ingressions in the nuclear
lamin (Kumar et al., 2014). Both of these functions suggest a possible tie to
stress response, as chromatin condensation occurs during stress, and changing
the tonicity of the environment can have morphological effects on membranes.
The work outlined in this thesis looks to tie the stress response of insulator
proteins to these novel functions of ATM and ATR and further elucidate the
molecular mechanisms involved in the insulator protein response to osmotic
stress and the formation of insulator bodies.
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CHAPTER II
MATERIALS AND METHODS
Fly Stocks and Husbandry
All fly stocks and crosses were maintained using standard cornmeal-agar media
and yeast in a 25°C incubator. The fly stocks used in this paper included: lines
obtained from the Drosophila Bloomington Stock Center at Indiana University:
w*; P{GAL4-vg.M}2; TM2/TM6B, Tb (Stock #6819), w1118; and mei41D5 f; svspapol (Stock #4236); the lines from K. McKim (Rutgers University): M29: w*;

P{neoFRT}82B tefuatm-3 e/TM6B, Tb(Stock #8625); the lines from B. McKee
(University of Tennessee): HisAvl3(810)/TM3; the lines generated by our lab:
mei41D5, f1/FM7a; su(Hw)e041061/TM6B, Tb (Hsu et al., 2015), y2 w ct6;
P{ry[+t7.2]=neoFRT}82B tefuatm-3/TM6B, Tb, su(Hw)e04061, mei41D5;
P{neoFRT}82B tefuatm-3 e//TM6B, Tb, y2 w ct6; cp190p11/TM6B, Tb; lines from S.
Blythe lab (Harvard University): w; grpz5170 lok30/Cyo-GFP {W+}, w; grpz209
lok30/Cyo-GFP {W+}

Polytene Chromosome Immunostaining with Osmotic Stress
Salivary glands from early third instar larvae were dissected in insect media
(HyClone SFX; Thermo Fisher Scientific), and passed to wells containing media
supplemented with 250 mM Sodium Chloride (NaCl) or unsupplemented media
for controls. Tissues incubated for 10 minutes then were fixed with 4% PFA; 50%
acetic acid on a cover slide. For recovery, salivary glands were passed from 250
13

mM NaCl media to unsupplemented media for another ten minutes, then fixed.
Salivary glands were squashed on a microscope slide until the polytene
chromosomes are spread out. Slides were dipped in liquid nitrogen to remove
cover slides. Polytene chromosomes were blocked for 10 minutes at room
temperature (RT) in blocking solution (PBS+0.1%NP40+ 3%nonfat milk). Primary
antibodies were diluted in blocking solution at 1:200 dilution, and incubated
overnight at 4°C in a humidified chamber. Primary antibodies were removed by
incubating in washing buffer (PBS+0.1%NP40) for 10 minutes at RT. Secondary
antibodies were then diluted in blocking solution (1:200) and incubated for 1 hour
at RT, and washed as described before. DAPI (4’, 6-diamidino-2-phenylindole
0.5µg/ml) was used to counterstain the DNA for 30 seconds and was rinsed with
PBS. Slides were mounted with Vectashield mounting medium (Vector
Laboratories) and sealed with nail polish. Slides were analyzed using a wide-field
epifluorescence microscope (DM6000 B; Leica) equipped with a charge-coupled
device camera (ORCA-ER; Hamamatsu Photonic) and a HCX Plan Apochromat
(Leica) 100Å~/1.35 NA oil immersion objective. Image acquisition was performed
using Simple PCI (v6.6; Hamamatsu Photonics). Image brightness and contrast
adjustments were performed by Fiji (National Institutes of Health). Samples were
processed and imaged under identical conditions of immunostaining, and
microscope, camera and software settings.
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S2 Drosophila Cell Immunostaining with Osmotic Stress
For normal conditions, S2 cells were incubated in insect medium (HyClone SFX;
Thermo Fisher Scientific) at 25°C. Cover slides were pretreated with ethanol and
coated with concanavalin A, which allowed S2 cells to adhere to the glass
surface. Cells were dropped on treated coverslips and were allowed to spread for
30 minutes. In order to induce osmotic stress, media was replaced with media
supplemented with 250mM NaCl for 30 minutes. Controls were treated with
medium only. Cells were then fixed with 4% PFA for 10 minutes at RT, followed
by 3 washes with PBS. Fixed Cells were permeabilized with 0.2% Triton X-100
for 5 minutes, and washed twice with PBS. Permeable cells were then incubated
in the blocking solution (3% milk in PBS) for 10 minutes at RT. Primary
antibodies diluted in blocking solution were applied overnight at 4°C in a
humidified chamber. Washing buffer (PBS+0.1% Triton X-100) was used to wash
off unbound antibodies. Secondary antibodies diluted in blocking buffer applied
for one hour at room temperature. DAPI staining, and mounting were performed
as described above.

HEk293T Human Cell Immunostaining with Osmotic Stress
Human embryonic kidney cells HEK293T were grown in the presence of
coverslips in DMEM supplemented with 10% FBS at 37°C with 5% CO2. Cover
slides were pretreated with ethanol and coated with poly-L-Lysine, which allowed
cells to adhere to the glass surface more efficiently. In order to induce osmotic
15

stress, 5M NaCl was added to the well to bring the concentration to 300mM.
Controls were left alone and the cells were placed back in the incubator to stress
for one hour. Cells were then fixed with 4% PFA for 15 minutes at RT, followed
by a wash with PBS. Fixed Cells were then block permeabilized with 1%BSA and
0.5% Triton X-100 in PBS for 5 minutes, and washed with PBS. Primary
antibodies diluted 1:50 in PBS and 1% BSA were applied overnight at 4°C in a
humidified chamber. Unbound antibody was washed away with three PBS
washes before applying the secondary antibody. Secondary antibodies were
applied for one hour at room temperature. DAPI (4’, 6-diamidino-2-phenylindole
0.5µg/ml) was used to counter stain the DNA for 1 minute and rinsed with dH2O.
Coverslips were moved from the well, mounted on a slide with Vectashield
mounting medium (Vector Laboratories) and sealed with nail polish.

MRC5 Human Cell Immunostaining with Osmotic Stress
MRC5 cells were grown in the presence of coverslips in DMEM supplemented
with 10% FBS at 37°C with 5% CO2. Cover slides were pretreated with ethanol
and coated with poly-L-Lysine, which allowed cells to adhere to the glass surface
more efficiently. In order to induce osmotic stress, 5M NaCl was added to the
well to bring the concentration to 300mM. Controls were left alone and the cells
were placed back in the incubator to maintain stress for one hour. For recovery,
NaCl supplemented media was removed and two rounds of fresh media were
added to the well before placing cells back in the incubator to allow for recovery
for 1 hour. Cells were then fixed with 4% PFA for overnight at 4°C in a humidified
16

chamber. Cells were then washed with PBS-Tween (PBS and 0.05% Tween).
Fixed Cells were permeabilized with PBST (0.2% Triton X-100 in PBS) for 10
minutes and washed with PBS-Tween, then blocked in PBST with 5% BSA for 10
minutes. Primary antibodies diluted in blocking buffer were applied overnight at
4°C in a humidified chamber. Unbound antibody was washed away with three
PBS-Tween washes before applying the secondary antibody. Secondary
antibodies were applied for one hour at room temperature. DAPI staining and
mounting were performed as described above

Antibodies
Rat and rabbit anti-Su(Hw), anti-Mod(mdg4)67.2 and anti-CP190 polyclonal IgG
antibodies were generated in our laboratory (Schoborg et al., 2013a; Wallace et
al., 2010) and were all used at a dilution of 1:200 for immunostaining.
Commercially available antibodies used were: Mouse anti-γH2Av IgG and mouse
anti-lamin IgG (Developmental Studies Hybridoma Bank UNC93-5.2.1); mouse
and rabbit anti-CTCF, mouse anti-γH2Ax, and mouse anti-H2Az (abcam). The
following secondary antibodies were used: Donkey FITC conjugated anti-mouse
IgG and Texas red-conjugated anti-mouse IgG (Jackson ImmunoResearch
Laboratories, Inc.); Donkey Alexa Fluor 488-conjugated anti-rabbit IgG (A-21206,
Life Technologies), and Donkey Alexa Fluor 555-conjugated anti-rabbit IgG
(A31572, Life Technologies).
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Okadaic Acid Treatment
For S2 cell treatment, S2 cells were incubated in insect medium (HyClone SFX;
Thermo Fisher Scientific) at 25°C. Cover slides were pretreated with ethanol and
coated with concanavalin A, which allowed S2 cells to adhere to the glass
surface. Cells were dropped on treated coverslips and were allowed to spread for
15 minutes. Cells were treated with 50nM Okadaic acid (OA) for 30 minutes to
control for effects of OA. For recovery, media supplemented with 250 mM was
applied for 25 minutes media with both NaCl and 50nM was applied for 5 minutes
at the end of the stress. Media was then replaced twice with media
supplemented with only OA to allow for recovery for 30 minutes. For controls,
new fresh media was placed onto the coverslip with every treatment time.
Treatments were followed by the immunostaining procedures as described above

ATM and ATR Inhibitor Treatment
Salivary glands were dissected and placed in a .6mL tube with either fresh media
for controls or media supplemented with inhibitors for ATM (KU-55933, 20 uM;
Sigma-Aldrich) and ATR (NU-6027, 25 uM; Sigma-Aldrich) for 1 hour. Salivary
glands were then moved to wells containing fresh media for controls or
supplemented media with inhibitors and 250mM NaCl for stress samples.
Fixation, immunostaining and mounting was performed as described above.
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Larval Tissue Immunostaining
Brains or wing discs were dissected from early third instar larvae in insect media
(HyClone SFX; Thermo Fisher Scientific), and passed to wells containing media
supplemented with 250 mM Sodium Chloride (NaCl) or unsupplemented media
for controls. Tissues incubated for 20 minutes then were fixed with 4% PFA;
50% acetic acid on a cover slide. For recovery, tissues were passed from 250
mM NaCl media to unsupplemented media for another twenty minutes, then
fixed. Tissues were gently squashed on a microscope slide until the cells were
uniformly spread into a single layer. Slides were dipped in liquid nitrogen to
remove cover slides. Immunostaining and mounting was carried out as described
above for polytene chromosomes.
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CHAPTER III
RESULTS AND DISCUSSION

Insulator proteins are a key factor in the overall organization of the nucleus. By
facilitating DNA contacts between distant sites in the chromosome, they lend to
the looping architecture that helps to keep chromatin organized in the nucleus.
During periods of osmotic stress, it has been shown that insulators leave the
chromatin to form insulator bodies in the interchromatin spaces within the
nucleus (Schoborg et al., 2013). These insulator bodies contain each insulator
protein in a distinct structure. Other than the composition of these bodies, the
major functional aspects and the regulatory mechanisms that control their
function have not yet been explored. This work looks to expand on our
understanding of insulator bodies, from the mechanism that drives their formation
to their functional role in the nucleus. Here we show that histone variant H2Av
may play a role in the regulation of this process, signaling the insulator protein
Suppressor of Hairy Wing to leave its DNA binding sites and localize to insulator
bodies, relieving the chromatin of its higher-order structure. In addition to our
characterization of osmotic stress in Drosophila melanogaster, we were also able
to explore this process in a mammalian cell culture model.
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Insulator proteins leave the chromatin to form bodies in the
nucleus, relieving the DNA of its structure
Previous work on insulator bodies showed how insulator proteins in Drosophila
leave chromatin to form insulator bodies in the nucleus. Preliminary evidence
showing that chromatin loops are disassembled during osmotic stress suggests
that the response mediated by insulator protein is important to the structural and
functional integrity of the nucleus. Polytene chromosomes in Drosophila salivary
glands are giant chromosomes that can reveal important morphological aspects
of genome architecture by using simple fluorescence microscopy. When looking
at DAPI staining of polytene DNA, there is a distinct pattern of DAPI stained
bands and dark interbands reflecting the architectural organization of the
genome, in which condensed DNA regions (bands) alternate with open DNA
(interbands). When salivary gland cells are incubated in 250 mM sodium chloride
to induce osmotic stress, the insulators dissociate from chromatin, releasing their
contacts and relieving the DNA of its organization (Figure 1). Given that the
effects of osmotic stress in insulator proteins distribution are reversible, it can be
expected that long-range DNA contacts are regenerated in the chromosome after
osmotic conditions return to normal (Schoborg et al., 2013). Because the bandinterband pattern of polytene chromosomes is lost during conditions of osmotic
stress, we decided to monitor the process of stress response as it takes place, by
stopping the recovery process at various time points. We specifically looked at
Su(Hw) and CP190 proteins, as the gypsy insulator and CP190 insulators are
21
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Figure 1: DNA Structure During Osmotic Stress. Polytene chromosomes with or without
treatment with 250mM NaCl and stained for Su(Hw) and treated with DAPI to label DNA. Bands
of heterochromatin (white arrow) and bands of euchromatin (yellow arrow) are evident in the
control.
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known to play a large role in the formation of chromatin loops throughout the
genome, thus playing a significant role in the overall architecture of the genome
(Gavrilov & Razin, 2015). As expected, during stress both Su(Hw) and CP190
leave chromatin, and the insulator bodies they form remain stable as long as
osmotic stress is maintained (Figure 2A).
If insulators play a role in the higher order organization of the genome, we
would expect the recovery process to occur in a cooperative manner, as insulator
proteins return to chromatin, loops would begin to reform and genome
architecture would begin to return to normal. Our results show, that as soon as
we returned the salivary glands to isotonic media, insulator bodies begin to break
down. At one minute of recovery, the proteins are no longer efficiently
congregated and cloud around the chromosome. Chromatin structure is yet to be
fully recovered, however there are regions where the proteins have begun to find
their binding sites. Interestingly, binding of insulator proteins distinctly correlate
with chromosome bands beginning to form (Figure 2B). By 5 minutes of recovery,
genome architecture is much more evident, and a pattern of bands and
interbands begins to emerge. While not all the protein is returned to chromatin,
distinct bands are already apparent at sites where insulator proteins are bound to
chromosomes. By 10 minutes, full recovery has occurred and chromosomes are
returned to their original state, once again being able to spread (Figure 2C).
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Figure 2: Recovery of chromatin structure. A-C Salivary glands dissected from third instar
larvae. Recovery of chromosomes was stopped at various time points by transferring glands from
recovery media to a fixative. Antibodies used in immunostaining are indicated.
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Histone variant H2Av is involved in insulator stress response
The mechanisms that regulate the assembly and disassembly of insulator bodies
remain unexplored. Previous research in our laboratory has shown that histone
variant H2Av is required for insulator binding to chromatin in Drosophila and that
the phosphorylated form of H2Av (γ-H2Av) colocalizes on polytene
chromosomes with Su(Hw) binding sites and is required for the gypsy insulator
function (An, 2015). One Hypothesis in our laboratory is that the formation of
insulator bodies likely follows the same principles as the formation of other
nuclear bodies, which form by liquid- phase separation. Phase separation bodies
are frequently induced by post-translational modifications, such as
phosphorylation, of one or several proteins residing in the bodies. Because of the
interactions between Su(Hw) and γ-H2Av, and because post-translational
modifications are often involved in nuclear body formation, we first asked
whether γ-H2Av was a component of the insulator bodies. Using fluorescent
immunostaining, we show that γ-H2Av localizes to insulator bodies during
osmotic stress in both polytene chromosomes and S2 cells (Figure 3).
Several lines of evidence suggest that phosphorylation of H2Av may
facilitate the osmotic stress response by chromatin insulators: first, we observed
an increase in the levels of γ-H2Av in stressed cells compared with unstressed
cells. This observation is particularly evident in S2 cells, in which γ-H2Av is
practically undetectable in unstressed cells and very abundant during stress,
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Figure 3: Phosphorylated H2Av colocalizes to insulator bodies in Drosophila
melanogaster. Immunostaining in polytene chromosomes (A) and S2 cells (B) in the presence
of 250mM NaCl. An antibody specific for H2Av phosphorylation at serine 137 was used along
with Su(Hw) to mark insulator bodies.
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where is found associated with insulator bodies (Figure 3B). Second, γ-H2Av is
rapidly dephosphorylated immediately after normal osmotic conditions are
reestablished following a period of osmotic stress. If phosphorylation of H2Av is
part of the mechanism that drives the formation of bodies, we wondered whether
it also has a role in stabilizing protein interactions in the bodies. To test whether
γ-H2Av plays a role in stabilizing insulator bodies, we experimentally blocked
dephosphorylation of γ-H2Av in cells recovering from osmotic stress . We used
Okadaic Acid (OA) as a PP2A inhibitor to block dephosphorylation (Ishihara et
al., 1989). Results show that, with PP2A unable to dephosphorylate γ-H2Av,
insulator bodies persisted during recovery (Figure 4). Interestingly cells were
unable to recover from the condensed DNA structure seen during stress (Figure
4). Treatment with OA itself did not induce a stress response, suggesting that the
γ-H2Av is stabilizing the bodies that are formed during stress response and that
dephosphorylating γ-H2Av is necessary to allow disassembly of insulator bodies,
and to allow insulator protein binding to DNA as well as the subsequent
reestablishment of the normal genome architecture.
We had previously seen that phosphorylation of H2Av was required for Su(Hw)
function on polytene chromosomes (An, 2015), and because we have shown that
H2Av seems to play a role in stability of insulator bodies, we next asked whether
cells homozygous for H2Av null mutations would normally respond to osmotic
stress. With this purpose, we used HisAvl3(810), an allele of the gene encoding
H2Av that has a 311 base pair deletion, encoding for an H2Av protein that lacks
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DAPI Su(Hw) γH2Av
γH2Av !

- Okadaic Acid

Control
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Figure 4: Recovery of insulator bodies is dependent on dephosphorylation of γH2Av. S2
cells were stressed in 250mM NaCl before adding 50nM Okadaic Acid (OA). Cells were then
moved to recovery media containing OA and allowed to recover for 30 minutes before
immunostaining for Su(Hw) and γH2Av. Levels during image analysis were altered at equal
amounts.
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the second exon and is homozygous lethal. Homozygous HisAvl3(810) larvae,
however, are viable and able to develop until late third instar (van Daal & Elgin,
1992). Interestingly, immunostaining for both stress and non-stress conditions,
show a complete loss of Su(Hw) binding to chromatin and a failure to associate
to insulator bodies (Figure 5). On the other hand, CP190, a component of the
gypsy insulator but also an insulator protein that can interact with non-gypsy
insulators, and dCTCF, maintain their ability to bind to chromatin and to form
bodies; although the morphology of the bodies is slightly different from that of the
controls (Figure 5A). Our results show that insulator bodies in HisAvl3(810) mutants
can form without Su(Hw) and contain other Drosophila insulator proteins such as
dCTCF and CP190. Unlike Su(Hw), dCTCF and CP190 are also capable of
binding chromatin in the absence of H2Av (Figure 5B). In flies that are mutant for
Su(Hw), mod(mdg4) cannot bind the normal Su(Hw) binding sites and instead is
found at CP190 sites all through the chromosomes (data not shown). Our results
show that mod(mdg4) also binds other sites in the H2Avl3(810) mutant, in which
Su(Hw) does not bind chromosomes. During stress response, mod(mdg4)
appears to weakly associate with the insulator bodies formed by dCTCF and
CP190, which is also consistent with results observed in Su(Hw) mutants under
conditions of osmotic stress (Figure 4C).
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Figure 5: H2Av is required for Suppressor of Hairy wing stability on chromatin and in
insulator bodies. H2Av

L3(810)

larvae were dissected at the largest stage they could reach before

death and immunostained for the proteins indicated with or without treatment of 250 mM NaCl.
H2Av

L3(810)

/Tb survived to adulthood and early third instar larvae were dissected for controls.

(A) Yellow arrows indicate bodies in the balanced larvae where Su(Hw) is stable and colocalizing.
White arrows indicate CP190 bodies in the mutant that no longer colocalize with Su(Hw). Brains
from larvae were also dissected and squashed in the same manner to view diploid cells.
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ATM and ATR are involved in Osmotic stress response
independently of the DDR
We have shown that H2Av is likely to be playing a role in insulator regulation and
response to osmotic stress. We asked next whether the Ataxia telangiectasia,
mutated (ATM) and Ataxia telangiectasia and Rad3 related (ATR) kinases, which
are normally involved in DNA Damage Repair (DDR), are also involved in the
phosphorylation of the histone H2Av associated with insulator function. While the
main task of ATR and ATM is to phosphorylate H2Av at sites of DNA double
strand breaks, a number of other potential roles have recently emerged. Of
particular interest is ATR’s ability to sense ingressions in the nuclear lamin
induced by mechanical stresses. These ingressions activate ATR, which initiates
a signal cascade that is independent of the DDR, but that is dependent on the
kinase activity of ATR (Kumar et al., 2014). Results from a number of
experiments in our laboratory using single ATR and ATM mutants to determine
whether ATR or ATM can phosphorylate H2Av were inconclusive, and suggested
that both kinases were able to use H2Av as a substrate in insulator function. One
solution to this problem was to generate a double mutant (mei41D5; tefuatm-3).
mei-41D5 is a point mutation in the ATR gene that reduces the kinase activity and
tefuatm-3,is a null mutation that causes lethality only at the pupal state. Double
mutants produced homozygous larvae that would die in the late third instar and
provided an opportunity to test the role of both kinases in the insulator stress
response. We dissected mei41D5; tefuatm-3 early third instar larval salivary glands,
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and to ensure that they were not able to phosphorylate any H2Av, we treated
with inhibitors KU55933 and NU6027 that are specific to ATM and ATR,
respectively (Hickson et al., 2004; Peasland et al., 2011). Interestingly, in the
absence of ATM and ATR activity, the stress response was severely impaired
(Figure 6). Su(Hw) protein was not released from chromatin in a number of cells,
leading to a chromatin structure that was only partially stressed. DNA was
condensed in many regions, but areas where insulators were still bound
remained banded. Because of this incomplete loss of structure, the chromosome
was still able to spread during squashes as is seen in unstressed chromosomes.
By blocking the phosphorylation of H2Av and therefore it seems, the release of
Su(Hw) insulators, structure is maintained.
In DNA Damage Repair, phosphorylation of H2Av by ATM or ATR recruits
Chk1 and Chk2, which are phosphorylated by ATM and ATR to activate a
checkpoint response that will arrest the cell cycle until the DNA is completely
repaired. We questioned whether these proteins were involved in the process of
osmotic stress response as well. We saw no effect in single mutations for either
gene for Chk1 or Chk2 (grapes and loki, respectively). We then checked stress
response in a double mutant of these two genes and again, saw no defect in
stress response (Figure 7A), suggesting that ATM and ATR phosphorylation at
insulator sites is independent of the Chk1 or Chk2 activation. The HOGG/MAPK
pathway is another intriguing pathway as it controls a variety of stress responses
in the cell. Previous work had suggested that it was not involved in stress
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Figure 6: ATM/ATR activity is required for stress response. Salivary glands from early third
instar double mutant flies were dissected and treated with ATM and ATR inhibitors for an hour in
the presence of FBS. Controls spent the same amount of time in incubation to control for cell
responsiveness. The salivary glands then went with or without NaCl treatment before squashing
and immunostaining using an antibody specific for Su(Hw)
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Figure 7: ATM/ATR work independently of DDR and stress signaling pathways. Wing disc
tissue from various Drosophila lines were gently squashed and immunostained for Su(Hw) and
stained for DAPI to observe chromatin structure. Cells were treated with 250 mM NaCl to induce
stress conditions to observe body formation between wild types and response pathway mutants.
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response but we revisited the idea with our further understanding of the response
in mind (Schoborg et al., 2013). Upon taking a second look at mutants for this
pathway however, we confirm the suggestion that this stress pathway is not
involved in insulator stress response (Figure 7B).

Insulator Stress Response is partially conserved in human cells
Insulators are widely studied in Drosophila due to the number of insulator
proteins found in this organism and the genetic tools available to study them. All
previous work on insulator stress response has been done using various
Drosophila insulator proteins. Importantly, all insulators that were tested acted
the same way, leaving the chromatin, relieving chromatin structure, and
congregating to insulator bodies (Schoborg et al., 2013). While Drosophila has
been a key tool in studying this response, because of the high variety of insulator
proteins compared to most other organisms, being able to tie this phenomena to
mammalian organisms that have only one major insulator protein became
extremely important. The human genome contains over 13,000 insulator sites
that bind to CCCTC-binding factor (CTCF) (Kim et al., 2007). CTCF is the only
characterized vertebrate insulator protein and is homologous to the Drosophila
insulator, dCTCF. In order to test whether insulator stress response is conserved
in mammals, we performed immunostaining using two independent human cell
lines. Both kidney and fibroblast cell types treated with 300mM NaCl showed a
strong response to osmotic stress similar to that seen in Drosophila nuclei
(Figure 8 AB). The CTCF signal completely leaves chromatin, forming a cloud
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Figure 8: Insulator Stress response is conserved in human cell lines. Human cell lines,
HEK294T (A) and MRC5 (B,C) were subjected to 300mM NaCl for one hour and immunostained
for CTCF and lamin to observe nuclear response.

36

around the DNA. The DNA responds by compacting, similarly to Drosophila.
While CTCF leaves the chromatin, it does not form the distinct insulator bodies
that are seen in Drosophila. Another important difference between Drosophila
and human cells is that while Drosophila insulators remain in the periphery of the
nucleus, surrounding the DNA, human CTCF protein shows increased levels in
the cytoplasm (Figure 8C). Importantly, CTCF is still able to recover back into the
nucleus and to the chromatin upon return to isotonic media, further supporting
that a specific response by insulator proteins to osmotic stress is a conserved
process (Figure 9). Lamin also showed extreme ingressions in the nuclear
membrane during stress, likely caused by a change in hypertonicity (Figure 8C).
These ingressions in the membrane were intriguing as we saw that ATM and
ATR may be involved in signaling the stress response in Drosophila and we
know that ATR has a heat domain that allows it to sense ingressions in the lamin
(Kumar et al., 2014).
In humans and other mammals, there are two H2A variants that take the
place of H2Av in Drosophila. Both H2Ax and H2Az perform the tasks that H2Av
is able to perform in Drosophila. H2Ax is involved in DNA damage repair, being
phosphorylated by ATM and ATR to mark locations of double strand breaks in
the chromatin. H2Az is involved in lowering nucleosome stability and plays a role
in transcriptional control (Jin & Felsenfeld, 2007; Redon et al., 2002). We stained
for both variants to determine if they followed their Drosophila homolog in
localizing to insulators.
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Figure 9: Human cells are able to recover from osmotic stress. MRC5 fibroblasts were
treated with 300mM NaCl for one hour then allowed to recover for one hour in an incubator
mimicking physiological conditions. Cells were then fixed and immunostained using the
antibodies indicated.

38

We found that H2Az but not H2Ax appears to leave chromatin during osmotic
stress (Figure 10). As bodies do not form in human cells, the H2Az does not
colocalize to punctate dots with CTCF, however it does appear to form a cloud
around the chromatin (Figure 10B). Interestingly, while H2Ax does not leave the
chromatin, it shows a marked increase in punctate staining on the chromatin. As
H2Ax marks sites of DNA double strand breaks under normal conditions, it is
likely that the osmotic stress is causing an increased amount of DNA damage
(Figure 10A). The significance of the H2Az results remains unclear at this point,
and more experiments are necessary to determine whether H2Az is involved in
the insulator response to osmotic stress in human cells, or alternatively the
response is secondary or it corresponds to an alternative response pathway.
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Figure 10: Histone variants H2Ax and H2Az in stress response. MRC5 fibroblasts were
treated with 300mM NaCl and immunostained for the proteins indicated.
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CHAPTER IV
CONCLUSIONS AND REMARKS

It has already been shown that stress can modify the epigenetic landscape of
chromosomes, but the fact that insulator proteins, one of the largest
organizational tools in the chromosome, are removed from chromatin during
osmotic stress remains an intriguing phenomena (Seong et al., 2011). Our work
shows how this stress response is potentially regulated by ATM and ATR,
providing a novel role for these proteins. While the overall purpose of this
response remains unclear, the high levels of organizational loss, as well as the
finding of high levels of DNA damage indicated by γ-H2Ax marks in stressed
cells, suggest that the role of this mechanism is to maintain genome integrity
after periods of osmotic/mechanical stress, which result in DNA damage
produced after shearing the contents of the nucleus.
Overall, our findings suggest a model for insulator stress response in
which an initial clue of lamin ingressions produced by mechanical forces drives
the redistribution of insulator proteins from chromatin to insulator bodies (Figure
11). The initial finding that γ-H2Av was targeted to insulator bodies was
extremely intriguing. Previously to this result, only insulator proteins had been
found localizing to insulator bodies, and the idea that a phosphorylated histone
variant could localize to insulator sites and insulator bodies was unexpected. The
question still remains however of how the histone variant interacts with
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Figure 11: A model for osmotic stress response in Drosophila melanogaster
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insulators, in particular when insulator proteins are still bound to DNA. One
possibility is that H2Av is found as a core histone in the nucleosomes adjacent to
Su(Hw) binding sites.
Interestingly, nucleosomes containing H2Av among its core components
are extracted from chromatin at lower salt concentrations than that of non-H2Av
containing nucleosomes (Henikoff et al., 2009). This property may facilitate the
response to osmotic stress by specifically lowering nucleosome stability at
insulator sites upon slight changes in levels of osmolyte, subsequently triggering
removal of insulator proteins and their relocation to bodies. Alternatively, H2Av
may not be a component of the nucleosomes adjacent to insulator sites and
could instead be in complex with insulator proteins bound to DNA. Further work
looking at chromatin fractionation samples and chromatin immunoprecipitation
experiments will help in determining the binding pattern of H2Av at insulator sites
and the mechanisms controlling insulator function and their response to stress.
The involvement of ATM and ATR in this process is one that should be
further explored as this work moves forward. Increasingly, ATM and ATR are
proving to be functioning in pathways that are not directly related to the DNA
Damage Repair pathway, and the novel role proposed here perfectly aligns with
other potential roles for these proteins as overall sensors of changes in the
nuclear environment. ATM, for example, has a novel role in sensing chromatin
condensation (Burgess et al., 2014) and ATR, is activated after sensing
ingressions induced by mechanical stress in the nuclear lamin (Kumar et al.,
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2014). One interesting possibility is that ATR can be initially activated as it
senses lamin ingressions induced by osmotic stress. Activated ATR
phosphorylates H2Av at insulator sites initiating the signaling for a stress
response, which leads to release of chromatin insulator proteins, chromatin
condensation, and the formation of insulator bodies. Once the stressor is
eliminated, the signal from ATR diminishes and PP2A is able to fully
dephosphorylate γ-H2Av, rapidly promoting recovery.
Perhaps the most important findings in this work relate to the conservation
of insulator stress response between Drosophila and human cells. We were able
to observe that CTCF also leaves chromatin during stress response. However
the human CTCF protein does not form “insulator bodies” in the nucleus as
Drosophila insulators do. One hypothesis to explain the formation of insulator
bodies is that they may be triggered by liquid-phase separation. Liquid-phase
separation is not a random process of proteins and RNA interacting together in a
limited space. In general, functional associations of biomolecules within the
nucleus, unlike in the cytoplasm, occur in the absence of membranes. However,
these associations are capable of efficiently concentrating specific proteins and
nucleic acids separate from the nucleoplasm, forming large and microscopically
visible structures known as nuclear bodies. The formation of these nuclear
structures is driven by liquid-phase separation, with specific proteins always
going to their respective nuclear bodies. Proteins are brought together by specific
post-translational modifications and by their inherent ability to interact, and
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specific RNA molecules frequently function as scaffolds that help maintaining the
integrity of the bodies and the separation (Mao et al., 2011; Zhu & Brangwynne,
2015). The principles behind the formation of insulator bodies in Drosophila
during stress as well as the lack of thereof in human cells are not well
understood. It could be that CTCF does not form insulator bodies because of
differences in the equilibrium between chromatin bound and free protein inside a
human cell versus a Drosophila cell due to size and/or composition. It could also
be that, as CTCF is the only known insulator protein in humans, it has no other
proteins to interact with and form nuclear bodies. This second option however is
not likely. While CTCF is the only insulator protein known, it does interact with
cohesin proteins to maintain stable looping on the chromosome (Merkenschlager
& Nora, 2016). Therefore, different cohesin proteins should be observed under
stress conditions to determine if they respond to osmotic stress in the same
fashion as CTCF.
Another interesting finding from the human experiments is the differing
responses seen in H2Ax and H2Az. While H2Av in Drosophila covers both
functions of these proteins, in humans they have very different functions. H2Ax
functions in marking sites of DNA damage, becoming phosphorylated similarly to
H2Av (Burma et al., 2001). Meanwhile, H2Az is involved in transcriptional
regulation and nucleosome stability, often being enriched in regions of active
gene promoters (Jin & Felsenfeld, 2007). H2Az however has no known site of
post-translational phosphorylation. This led us to believe that H2Ax would be the
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homolog involved in stress response as H2Av is. We showed that H2Ax however
does not leave the chromatin during stress and continues marking sites of DNA
damage. The average number of damage sites showed a marked increase in the
stressed cells. We observed a removal of H2Az from chromatin upon osmotic
stress induction. This finding is not surprising, since H2az is known for its role in
lowering nucleosome stability and becoming one of the first histones to be
removed from core during mild salt extraction (Henikoff et al., 2009). Further
analysis of this process in humans is required however before mechanistic
conclusions can be made.
Overall, this work looks to further understand the insulator response to
osmotic stress and proposes a possible mechanism to explain the response
mechanism. Moving forward, more work should be done to look at the
biochemical intricacies of the process to fully understand its importance and
potentially find ways to manipulate these processes.
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